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Abstract
The adiabatic temperature change ∆Tad of a Mn1.3Fe0.7P0.5Si0.55 Fe2P-type alloy was measured under different magnetic
field-sweep rates from 0.93 Ts−1 to 2870 Ts−1. We find a field-sweep-rate independent magnetocaloric effect due a partial
alignment of magnetic moments in the paramagnetic region overlapping with the magnetocaloric effect of the first-order
phase transition. Additionally, the first-order phase transition is not completed even in fields up to 20 T leading to a
non-saturating behavior of ∆Tad. Measurements in different pulsed fields reveal that the first-order phase transition
cannot follow the fast field changes as previously assumed, resulting in a distinct field-dependent hysteresis in ∆Tad.
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1. Introduction
The world is in constant need of easily available and
environmentally friendly cooling technologies because of
a predicted exponential worldwide increase in the de-
mand of cooling power during the next 50 years [1].
A solid-state technology based on the known caloric ef-
fects [2, 3, 4, 5] is predicted to be more environmentally
friendly and more energy efficient compared to conven-
tional compressor-based refrigerators. Among those, mag-
netocaloric cooling is the most advanced of the different
caloric concepts [6]. It is based on the magnetocaloric ef-
fect (MCE) manifesting itself in the temperature change
of a magnetic material that is magnetized or demagnetized
[7]. In a cyclic way, this temperature change can be used
for cooling, in analogy to the gas-vapor compression cycle
[8].
In order to make magnetic refrigeration commercially
viable, efficient materials need to be designed which can
sustain high magnetic-field cycling frequencies [6, 9, 10].
The adiabatic temperature change ∆Tad and the transi-
tional entropy change ∆St both have to be maximized [11,
12, 13]. Materials with a first-order phase transition are
especially promising as they can show a large MCE under
moderate magnetic-field changes [14]. Among these, Fe2P-
based compounds show a large MCE [15, 16, 17] and have a
large potential for commercial application [18]. For Boron
doped compounds useful secondary engineering properties
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such as mechanical integrity and high thermal conductivity
are reported [19, 20]. The material undergoes a hexagonal,
isostructural phase transformation with only a small vol-
ume change of the unit cell [21]. Previous measurements
of the MCE performed on a Mn-Fe-P-As (Fe2P-type) com-
pound in a 1 T field change suggest that the material can
follow field-cycling frequencies up to 150 Hz [22]. How-
ever, a direct confirmation is still missing. It was shown
previously for Heusler and antiperovskite materials that
non-trivial field-rate dependences are observed for first-
order phase transformations [23, 24, 25]. A detailed in-
vestigation of the sweep-rate dependence of the adiabatic
temperature change of Fe2P-based alloys, one of the com-
mercially most viable magnetocaloric material, is lacking
so far.
2. Experimental Details
Polycrystalline Mn1.3Fe0.7P0.5Si0.55 was prepared by
a powder-metallurgical process as described in [21, 17].
Magnetization measurements were performed using a com-
mercial Quantum Design PPMS-14T VSM magnetometer
with a heating and cooling rate of 2 Kmin−1. Direct mea-
surements of the adiabatic temperature change ∆Tad were
carried out in two different setups. The “slow” adiabatic
temperature change measurements were performed in a
home-built device using two nested Halbach magnets with
a maximum sinusoidal field change of µ0∆H of 1.93 T with
a starting field-sweep rate of 0.93 Ts−1. For measurements
of the adiabatic temperature change, a differential T -type
thermocouple was glued between a stack of two sample
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Figure 1: Magnetization versus temperature for fields of 0.2, 2, 10,
and 14 T.
plates with epoxy of high thermal conductivity. “Fast”
∆Tad measurements were carried out in pulsed magnetic
fields up to 20 T at the Dresden High Magnetic Field Lab-
oratory (HLD). For all pulse-field measurements shown
here, the maximum field is reached within 0.013 s with
a maximum field-sweep rate of up to 2870 Ts−1 achieved
in a total field change of 20 T. A thin differential T -type
thermocouple of 25 µm wire thickness was attached similar
to the “slow” measurement allowing to detect the temper-
ature change with fast response time.
In order to correct the temperature measurement with
respect to field-induced voltages into the thermocouple,
a background signal was recorded at high temperature
approximately 50 K above the phase transition and sub-
tracted from the measured signals. The absolute sam-
ple temperature was determined via a Pt100 thermome-
ter which was located close to the sample. The magnetic
field was recorded using a pick-up coil. Previous measure-
ments using this setup showed that eddy-current heating
of the samples is negligible [23, 24, 25]. The same was is
true for the present measurements as the resistivity of the
Fe2P sample is lower compared to the previously measured
Heusler and La-Fe-Si samples. For all measurements of
∆Tad, a non-continuous measurements protocol was cho-
sen [26]. The initial state of the material was restored af-
ter every field-application cycle by heating the sample to
300 K i.e. the paramagnetic state and subsequent cooling
to the desired starting temperature. This step is necessary
in order to avoid the effects of thermal hysteresis inherent
to first-order materials as the ∆Tad would be considerably
lower on the second and following field cycles [12].
3. Experimental Results and Discussion
Isofield magnetization measurements versus tempera-
ture are plotted in Fig. 1 for fields of 0.2, 2, 10, and
14 T. The ferromagnetic (fm) to paramagnetic (pm) tran-
sition starts at 250 K and the material is fully transformed
at 270 K in 0.2 T, accompanied by a thermal hysteresis
of about 7 K between the heating and cooling branch.
In larger magnetic fields the transition shifts to higher
temperatures and the transition width broadens drasti-
cally with a reduced thermal hysteresis of about 4.5 K in
14 T. Additionally, the magnetization in the paramagnetic
regime is largely increased in comparison to the value mea-
sured in 0.2 T.
The field-dependent adiabatic temperature change
measured for “slow” (1.93 T) and “fast” (2 T) field-sweeps
is shown in Fig. 2(a) for temperatures above and below
the transition. At a temperature of 250 K for the “slow”
field application (dashed curve), an adiabatic temperature
change ∆Tad of 1 K is observed in the first application
cycle, matching the value in the second field-application
cycle to −1.93 T. The material shows a reversible ∆Tad
of only 0.75 K due to the thermal hysteresis, inherent to a
first-order phase transition.
At 250 K, before field application, the material has not
yet fully transformed to a pure fm state, but is locked in
a mixed state due to the width of the transition. This
behavior is not uncommon for first-order-transition mate-
rials and has been found e.g. in Heusler alloys [27]. A
mixed state can result from local chemical inhomogeneity
of the sample which was already shown for similar Fe2P-
type alloys [28]. Also mechanical stress building up in the
sample due to the anisotropic lattice expansion during the
phase transition [21] hinders the nucleation and growth
process [29]. The second field-application cycle, when the
magnetic field is applied in the opposite direction, is fully
reversible. Therefore, one can assume that due to the ap-
plication of the magnetic field in the first cycle, all mate-
rial is transformed to the pure fm state and a conventional
fully reversible magnetocaloric effect appears.
At 260 K, the largest ∆Tad of 2.1 K is observed. An
opening of the ∆Tad(H) loops is visible for the first and
second field-application cycle. Here, the material trans-
forms in a minor magnetization loop in a mixed-state re-
gion when compared to Fig. 1. The back and forth trans-
formation follows two non-linear field-dependent paths
while undergoing the transition resulting in a distinct field-
dependent hysteresis. This kind of complex behavior has
been previously discussed by Gottschall et al. for Heusler
alloys and was ascribed to the nucleation and growth pro-
cess of the martensite and austenite phase [26]. At the
starting temperature of 270 K (above the fm to pm transi-
tion), the second loop shows a slight hysteresis indicative
for an incipient first-order behavior.
The field-sweep rate in the pulsed-field setup is
much higher than in the permanent-magnet Halbach-array
setup, yet only one cycle can be performed per experiment.
In the pulsed-field setup, the field of 2 T is reached within
0.013 s with a maximal field-sweep rate of 235 Ts−1 and at
260 K, the highest temperature change of 2.1 K is the same
as for the conventional “slow” field sweep rates. Both ex-
periments exhibit similar ∆Tad dependencies whereas the
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Figure 2: (a) Field-dependent ∆Tad measured in a Halbach and
pulsed-field-magnet setup with a field change of 1.93 and 2 T, re-
spectivel,y and in (b) for pulsed fields of 10 T.
reversible part of ∆Tad is larger for the pulsed-field setup.
Measurements with a maximum field-sweep rate of
1330 Ts−1 performed in pulsed-fields of 10 T are shown in
Fig. 2(b) . A maximum ∆Tad of 8 K is observed at 270 K.
At a starting temperature of 250 K, the temperature of the
sample changes directly with applied magnetic field and
shows hysteresis similar as discussed above in Fig. 2(a).
This behavior is independent of the field-sweep rate and
the field of 10 T is not large enough to fully saturate the
fm state, as can also be seen in the slight irreversibility of
the temperature change. The largest thermal hysteresis is
present at a starting temperature of 260 K. At 270 K, a
change in slope can be observed at around 3 T for increas-
ing and at 1 T for decreasing the field. The same holds true
for measurements performed at 280 K. For both cases, the
samples is cooled back to the initial value, as the starting
temperatures are far away from the transition at zero field.
Yet, the temperature does not follow the same path while
transforming from the pm to fm state and back again. At
300 K, a hysteresis-free magnetocaloric effect originating
from the partial alignment of magnetic moments in the
paramagnetic region is shown as the starting temperature
is too high to induce a first-order transition in 10 T.
In order to study this behavior in more detail, measure-
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Figure 3: Sample temperature as a function of magnetic field in
pulsed field changes of 2, 5, 10, and 20 T. The corresponding phase
lines for heating and cooling curves for the start and finish tempera-
tures of the phase transition are indicated by dotted lines. The inset
shows the field dependence of the magnetic-field sweep rate for the
pulses.
ments of ∆Tad were performed at 270 K with field changes
of 2, 5, 10, and 20 T, shown in Fig 3. All measurements
started from the same thermodynamic state as described
in the experimental section. All field pulses reached their
maximum after 13 ms resulting in field-sweep rates of 235
to 2850 Ts−1.
In 20 T, an adiabatic temperature change of 13 K could
be measured. Up to a field of about 3 T the curves overlap
showing a slight temperature increase attributed to a mag-
netocaloric effect which is present due to the alignment of
magnetic moments in the paramagnetic state. Here, the
transition is sweep-rate independent and the material can
follow the field changes. A change in the slope of ∆Tad(H)
above 3 T is observed for all field-sweep rates. The change
in slope coincides approximately with the starting tem-
perature of the transition, determined by the onset of the
magnetization curves shown in Fig. 1. This is indicated by
the dashed lines in Fig. 3 marking the start and finish tem-
peratures of the first-order field-induced phase transition
which do not overlap due to thermal hysteresis resulting
in a field hysteresis of the ∆Tad(H) curves. This is a dis-
tinct feature of the transition as it can also be observed in
the measurements of ∆Tad with the Halbach setup, shown
in Fig. 2(a). However, the curves measured at different
field-sweep rates in pulsed fields show divergent behavior.
A bad thermal contact of the sample with the thermocou-
ple or a slow response time as origin is excluded since the
up and down field-sweep data in Fig. 2(b) at 300 K lie on
top of each other. As the slope of the curves varies with
the different pulses we conclude that the first-order phase
transition cannot entirely follow the fast field changes and
the nucleation and growth of the fm hexagonal phase for-
mation lacks behind. However, no quantitative estimate
on the actual dynamics of the transition can be given by
these measurement.
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Figure 4: Schematic of a field-dependent temperature change for a
typical magnetocaloric material with first-order transition at distinct
starting temperatures where a complete transformation is possible.
The distinct field dependence of ∆Tad can be explained
by the profile of the field pulse as shown in the inset
of Fig. 3. As all pulses, independent of the peak field
strength, reach their maximum after 13 ms, the field-sweep
rate varies with the peak field applied. One finds (Fig. 3)
that the slopes of the increasing field curves depend on the
sweep rate while the slopes for the decreasing fields, where
the field change rates are in generally slower, are similar.
Even in fields up to 20 T ∆Tad(H) does not sat-
urate as was observed in Heusler alloys and antiper-
ovskites [23, 24, 25]. In contrast to Fe2P alloys, Heusler
and antiperovskites are inverse magnetocaloric materials
where the magnetic field shifts the transition to lower tem-
peratures, and the driving force of the magnetocaloric ef-
fect, the shift of transition temperature Tt with applied
magnetic field H (dTtdH ) becomes larger with higher mag-
netic fields [30]. A non-saturating behavior on the other
hand was also observed in Fe2P-type alloys where the
isothermal entropy change was studied in fields up to 10 T
[17]. In this material class, a continuously growing mag-
netocaloric effect due to a field-induced partial alignment
of magnetic moments in the paramagnetic phase overlaps
with the first-order transition, therefore, exhibiting no sat-
uration of ∆Tad. This can be partly attributed to the fact
that in conventional materials an applied magnetic field
shifts Tt towards higher temperatures. However, the shift
decelerates with increasing field strength. For instance, the
shift of Tt from 0.2 to 2 T is nearly the same as for a field
change from 10 to 14 T, see Fig. 1. Therefore, the mag-
netic fields required to complete the transition are higher
in conventional materials than for example in inverse mag-
netocaloric materials.
Considering the shift of transition temperature with
field, the first-order phase transition should be completed
within the 10 and 20 T field changes. A schematic of a
field-dependent ∆Tad change for a first-order transition
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Figure 5: The irreversible adiabatic temperature change versus tem-
perature for discontinuous measurements performed in a Halbach
magnet array with a field change of 1.93 T and in pulsed fields of 2
and 10 T.
is shown in Fig. 4. Three different contributions to the
temperature change can be distinguished: First, the align-
ment of magnetic moments in the ferromagnetic phase con-
tributes to the temperature change (for a starting temper-
ature far below the transition temperature), second the
magnetocaloric effect from the alignment of magnetic mo-
ments in the paramagnetic regime (shown for the case of
a starting temperature far above the transition tempera-
ture). The third contribution is the MCE arising from the
actual first-order transition which is shown for a complete
transition at temperatures close to the transition tempera-
ture. All of them are accompanied by a change in slope of
the ∆Tad(H) curve. For Mn-Fe-P-Si, the transition shifts
towards higher temperatures in field. Therefore, higher
magnetic fields are required to induce the transformation
when starting more and more above the transition temper-
ature. In case of a complete transition, the magnetocaloric
effects of the ferro- and paramagnetic phase should be hys-
teresis free and the MCE attributed to the paramagnetic
phase should be much smaller compared to the first-order
transition. Such a behavior has been observed e.g. for a
Heusler alloy [23].
The maximum values of the irreversible ∆Tad are
shown in Fig. 5 for both the “slow” and “fast” measure-
ments. The data measured by use of the Halbach array
with a field change of 1.93 T and the measurements in
pulsed fields of 2 T agree very well. This proofs not only
the field-rate independence of the maximum ∆Tad for this
field, but also the quality of both measurements. In the
fm region a non-negligible ∆Tad can be observed which is
attributed to a conventional magnetocaloric effect as the
magnetization is not saturated in low fields (see Fig. 1).
∆Tad for 10 T pulsed-field measurements shows a similar
temperature dependence as the 2 T data with a shift of
the maximum in ∆Tad towards higher temperatures due
to the field-induced shift of the phase transition. In any
4
case, there is no plateau of the MCE forming as would be
expected for saturated first-order transitions (see Fig. 4).
This implies that 10, and even 20 T, are not yet sufficient
to completely transform the material.
4. Summary
In summary, ∆Tad was measured with field-sweep rates
ranging from 0.93 Ts−1 to 2870 Ts−1. A saturation of the
magnetocaloric effect was not observed in fields up to 20 T
as the MCE due to the field-induced partial alignment of
magnetic moments the paramagnetic regime always over-
laps with the first-order transition, and the first-order
transition can not be completed. It is shown that the first-
order phase transition is field-rate dependent contrary to
a previous report [22]. However, the maximum values of
∆Tad seem to be independent of the sweep rate at least
up to field-sweep rates of 235 Ts−1. The MCE of the pure
fm and pm phase can follow all field-sweep rates. For ap-
plications it follows that the material is suitable in a real
magnetic cooling device with field-change frequencies be-
low 100 Hz. Although a frequency-dependent increase the
hysteresis would lower the efficiency of the material.
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